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Electrophysiology and ultrastructure of cultured human proximal
tubule cells. The present study was undertaken to determine if cultures
of human proximal tubule cells would retain in vivo properties inherent
to this segment in the intact nephron. Ussing chamber studies demon-
strated that these cultured cells generated transepithelial potential
differences of approximately —2.0 my and resistances of 0.310 Ku. cm2,
supporting the concept that the proximal tubule is a "leaky" epithe-
hum. The electrical properties did not change when the cells were
exposed to amiloride (10—a M), but did respond to acetazolamide (10
ai), consistent with responses known to occur in proxima' tubules.
Ultrastructural analysis of these cells demonstrated features indicative
of proximal tubule cells, When grown on permeable supports, where
apical and basolateral growth medium compartments were maintained
separate from each other, the cells were noted to undergo increased
differentiation with morphological evidence of cell polarity. Freeze
fracture analysis demonstrated well-formed tight junction strands and
segregation of unique numbers of intramembranous particles in apical,
lateral, and basal membranes. The replicas also demonstrated the
presence of aggregates thought to represent gap junctions, structures
which occur exclusively in the proximal segment of the human nephron.
These observations provide evidence that this human cell culture model
originates from the human proximal tubule and retains, in culture, many
of the properties associated with proximal tubule cell function and
structure in vivo.
A cell culture model representative of the human renal
proximal tubule would prove useful in research efforts seeking
to define the primary events leading to cellular toxicity in
several agent-induced renal disorders. The largest class of agent
induced disorders are defined under the general term of "acute
tubular necrosis," and many are presumed to arise from a
primary toxic effect on the proximal tubule or remain isndefined
as to the tubule segment primarily affected [1]. Noteworthy
among the agents inducing tubular necrosis are the clinically
useful aminoglycoside antibiotics and, as such, have received
detailed attention [21. However, despite concerted research
efforts utilizing both animal models [3] and clinical studies [1,
21, the primary event responsible for proximal tubule cellular
toxicity remains undefined. While the above types of studies
have clearly defined the events associated with néphrotoxicity,
the complex environmental mileau in vivo effectively prevents
the analysis of cellular toxicity within an individual nephron
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segment. It is in the definition of the mechanism of cellular
toxicity that cell culture can be expected to provide an exper-
imental advantage by providing a defined in vitro environment
which is free of interfering in vivo influences.
Toward the development of a cell culture model of the human
renal proximal tubule, this laboratory recently perfected the
growth of this cell type in a serum-free growth medium [4].
These cells were capable of long-term growth in culture, and
their origin from the human proximal tubule was confirmed
through enzyme histochemical techniques. These cells were
also noted to form domes in culture, indicative of the retention
of differentiated ion transport properties. The present report
extends these findings and demonstrates that this in vitro model
system does retain those electrophysiological and ultrastruc-
tural characteristics which would be expected of cells derived
from the renal proximal tubule.
Methods
Reagents
Dulbecco's modified Eagles medium (DME), Ham's F-12
growth medium (F-12), and fetal calf serum (FCS) were ob-
tained from Gibco Laboratories (Grand Island, New York,
USA). Trypsin-versene solution (0.05%, 0.02%) was obtained
from Biofluids (Rockville, Maryland, USA). The serum-free
growth medium components were obtained from Collaborative
Research (Lexington, Massachusetts, USA). Bovine type I
collagen was obtained from Collagen Corporation (Palo Alto,
California, USA). Tissue culture plasticware of the Corning
trademark and reagents for the preparation of routine solutions
were obtained from Fisher Scientific Corporation (Atlanta,
Georgia, USA). Millipore HATF filters (0.45 pm, 25 mm) and
Millicell-HA culture inserts (0.45 m, 30 mm) were obtained
from the Millipore Corporation (Bedford, Massachusetts, USA).
Water used to prepare all reagents was obtained from a Milli Q
water system (Millipore Corporation).
Tissue culture
Stock cultures of human proximal tubule cells for use in
experimental protocols were grown in 75 cm2 T-flasks using
procedures described previously by this laboratory [4]. Briefly,
the cells were grown in a serum-free formulation consisting of a
1:1 mixture of Dulbecco's Modified Eagles' medium and Ham's
F-12 medium supplemented with selenium (5 ng/ml), insulin (5
,aglml), transferrin (5 tgIml), hydrocortisone (36 nglml), tniodo-
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thyronine (4 pg/mI), and epidermal growth factor (10 nglml).
The cells were fed fresh growth medium every three days.
When confluent, the cells were subcultured for use in experi-
mental protocols using trypsin-EDTA (0.05%, 0.02%). For the
studies reported herein, the cells were utilized at passages 4
through 10.
Electron microscopy
For routine ultrastructural analysis, cells were fixed in 2.5%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 30
minutes in situ. The cells were then rinsed with phosphate
buffered saline (PBS, pH 7.4) and post-fixed in 1% osmium
tetroxide in 0.1 M phosphate buffer for one hour. The cells were
rinsed, routinely dehydrated in a graded series of ethanols, and
infiltrated and embedded in Epon 812. Upon polymerization,
the plastic cultureware was removed from the Epon 812-
embedded cells and portions of the resulting preparations were
cut and re-embedded in additional Epon 812 in two spatial
orientations. In this manner, ultrathin sections of kidney cells
were obtained in planes which were precisely parallel and
perpendicular to the growth surface. Sections were stained with
uranyl acetate and lead citrate, viewed and photographed in a
JEOL 100S electron microscope (JEOL, Tokyo, Japan).
Freeze fracture analysis
Cell monolayers for freeze fracture analysis were prepared by
subeulturing the cells to 60 mm culture dishes containing small
pieces of mylar (0.5 cm2) on the growth surface. This resulted in
an even kidney cell monolayer which was continuous over both
the mylar and cultureware surface. Confluent cultures were
then fixed in 2% glutaraldehyde in 0.1 M phosphate buffer, pH
7.2, with 0.12 M sucrose. After 30 minutes of fixation at room
temperature, the cultures were washed in 0.2 M phosphate
buffer, pH 7.2, with 0.15 M sucrose for 30 minutes. This solution
was then gradually replaced with a wash solution of the same
composition containing 25% glycerol. The fixed cell monolayers
on mylar were removed from the culture dish within one hour
following the addition of glycerol and were prepared for freeze
fracture. Modifications to the technique of Pauli and coworkers
[5] were employed to obtain fractures from intact monolayers.
The prepared monolayers on mylar were drained of excess
buffer and placed, cells down, on a drop of polyvinyl alcohol
(Elvanol, E. I. duPont de Nemours and Co., Wilmington,
Delaware, USA) which was placed on the upper surface of a 3
mm gold, flat-topped specimen carrier.
The mounted specimen was frozen in propane (instrument
grade) cooled in liquid nitrogen. The specimen carrier was
mounted on a single replica specimen stage holder and intro-
duced to the Balzers Model 400F freeze fracture unit. The
fracture was prepared by advancing the knife at a level which
caused the mylar to be lifted from the specimen carrier, Elvinol,
and fractured cells. At the time of fracture, the stage tempera-
ture was —120°C in a vacuum of i0 Ton. The resulting
fractured surface was then shadowed with platinum and carbon.
The replicas were floated from the specimen carriers in a 0.9%
NaCl solution, surrounded by a teflon ring and cleaned sequen-
tially in Clorox, chromic acid, potassium hydroxide and dis-
tilled water. Replicas were viewed in a JEOL 100S electron
microscope and photographed. Quantitation of numbers of
intramembranous particles and analysis of characteristics spe-
cific for various aspects of the cell membrane was accomplished
utilizing positive prints of freeze fracture replicas exhibiting flat
fracture regions and uniform shadow angles. Low magnification
micrographs (final enlargement X 30,000) were used for refer-
ence purposes, and higher magnification micrographs (final
enlargement x75,000 to x 125,000) were used for quantitative
analyses. Analysis of fracture replicas was performed by visual
inspection and, where possible, findings were quantitated with
the aid of a Zeiss IBAS image analysis system (Zeiss,
Oberkochen, FRG).
Electrophysiology
For electrophysiologic characterization, the cells were plated
at a 1:1 subculture ratio onto collagen-coated (bovine collagen,
type I) Millipore and Millicell filters utilizing standard subcul-
ture procedures. The cells were fed fresh growth medium every
three days and utilized for electrophysiologic analysis following
4 to 10 days in culture. The confluent filters were placed into
locally-constructed Ussing chambers and bathed with either
tissue culture fluid or buffered Krebs-Henseleit solution aerated
with 5% CO2 in air. Two Ussing chamber designs were utilized
in the present study, one for use with Millipore filters and the
other for use with Millicell HA filters. Both were designed such
that the exposed area of cells was 1 cm2. The design between
the two chambers differed only in the manner in which the
respective filters were mounted in the chamber. For use with
Millipore filters, the chamber was designed such that the filter
was sealed against the 1 cm2 opening by pressure applied from
each end of the chamber through the tightening of two pressure-
generating screws. For use with Millicell HA filter units, the
chamber was designed to hold the filter cup against the 1 cm2
opening with a series of two 0-rings which sealed the outside
surface of the filter cup to the inner surface of the Ussing
chamber. The amount of force needed to seal the Millipore
filters to the unit was much greater than that needed to seal
Millicell filter preparations. Thus, there exists a possibility that
more "edge damage" would occur with the use of Millipore
filter preparations than for Millicell preparations. The Krebs-
Henseleit solution consisted of 0.676% NaCI, 0.044% KCI,
0.027% CaCI2, 0.394% dextrose, 0.210% NaHCO3, 0.203%
MgCL2-6H20, and 0.017% Na2HPO4. The pH and temperature
of the bathing solution were maintained at 7.4 and 37°C,
respectively. In some experiments, the apical surface of the cell
monolayers in Millicell filters were bathed with either acetazol-
amide (10 M) or amiloride (10 M) in tissue culture fluid.
The electrical characteristics of the cells were measured with
a locally-constructed voltage clamp. Potential difference (PD)
and short circuit current (Isc) were measured directly. The
monolayer was maintained under open-circuit conditions ex-
cept during the measurement of short-circuit current. The
resistance (R) was determined from the potential produced by
passing a constant current pulse (10 /.LA at 200 msec duration)
across the filter preparation. The time constant for the epithelial
preparation was 30 msec. The transepithelial current-voltage
relationship for monolayers bathed in symmetrical cell culture
medium was linear (ohmic) over the range of currents tested.
The electrical measurements were made with commercial
calomel electrodes. Agar saturated with potassium chloride was
used to connect the electrodes to the Ussing chamber. Elec-
trode polarization potentials and fluid resistances were mea-
510 Blackburn ci al: Properties of cultured proximal tubule cells
Table 1. The electrical characteristics of kidney cell monolayers on
(I) millipore and (II) Milhicell filters
IA TB IIB P valuesa
PD —1.025 0.303 —0.917 0.321 —2.15 1.07 0.01
mV
Isc 4.145 1.110 4.197 1.483 5.50 1.89 NS
jjAfcm2
R 0.230 0.061 0.177 0.044 0.310 0.090 0.003
K fl cm2
N 10 7 10
The filter preparations were bathed with either (A) Krebs-Henseleit
solution or (B) tissue culture fluid
a Comparison of lB and IIB
sured and compensated. The filters (no cells) did not contribute
to any of the electrical measurements. Transepithelial potential
differences are referenced to the "contraluminal" side of the
cell monolayer. All measurements were taken after the electri-
cal parameters had stabilized at peak values (within 30 min-
utes). The t-test was utilized to assign significance between
groups. The filter preparations were stained with hematoxylin
and orange G and examined by light microscopy for confluency
and damage at the conclusion of each experiment. In addition,
filters matched to those utilized in the electrical measurements
were fixed and processed for electron microscopic examination
as described for cells grown in a culture flask.
Results
Electrical properties of cultured proximal tubule cells
The culture requirements and growth of proximal tubule cells
utilized in the present study were consistent with those char-
acterized and reported previously [41. For the characterization
of the electrical properties by Ussing chamber techniques, cells
were subcultured at confluent density onto two types of perme-
able membrane supports. The first type of support consisted of
cells grown on the upper surface of a Millipore filter immersed
in a 35 mm culture dish such that a common growth medium
bathed both sides of the filter. The second type of support
consisted of a Millipore filter partitioned horizontally in a
plastic cylinder (Millicell HA) such that growth medium bathing
the top of the cells and filter is isolated from that exposed to the
bottom surface of the filter. The two pools of medium cannot
intermix except by transversing the cell monolayer. The em-
ployment of these two types of permeable supports allows the
assessment of differences in the electric properties as a result of
partitioning the apical and basolateral growth medium.
The electrical characteristics of the proximal tubule cells
grown under the above conditions are presented in Table 1. The
potential difference and resistance developed by the proximal
tubule cells were all significantly lower on filter preparations
allowing common exposure of the apical and basolateral aspects
of the cells to growth medium. The possibility of "edge dam-
age" with the Millipore filters may have contributed to the
relatively lower values for the electrical parameters as com-
pared to values obtained with the Millicell filter inserts. There is
limited contact between the chamber and the filter in the
Millicell filter preparation, thus minimizing the possibility of
damage to the filter. There was no significant change in the
short circuit current between the two types of filter prepara-
Table 2. Electrical characteristics of kidney cell monolayers with
apical surface bathed with acetazolamide (l0 M) in tissue culture
fluid
ControlN=5 ExperimentalN=5
PD mV —2.068 0.369 —1.206 0.437a
Isc pA/cm2 6.186 1.426 3.472 l,l82a
Rm K12 cm2 0.216 0.011 0.202 0.004
a Statistically significant (P < 0.006)
Table 3. Electrical characteristics of kidney cell monolayers with
apical surface bathed with amilonde (l0) in tissue culture fluid
Control ExperimentalN=6 N=6
PDmV —1.045±0.149 —1.033±0.152
Isc pA/cm2 3.605 0.696 3.939 1.355
Rm Kit cm2 0.277 0.024 0.243 0.014
a No significant difference in any of the measured values
tions. Control studies demonstrated that both filter preparations
developed maximal potential difference readings within three
days of plating and that these potential differences remained
stable for at least seven additional days before starting to
decline slowly (data not shown). The electrical properties of
HPT cells grown on Millicell filters were also assessed as a
function of cell age. No significant differences in the electrical
properties of the HPT cells were noted to occur between
passages 4 and 10 (data not shown). Similar results were
obtained using cell culture growth medium or Krebs-Henseleit
solution as the bathing medium for the filters (Table 1). Approx-
imately 80% of all filters produced consistent PD readings.
Light microscopic examination of the filters failing to develop
electrical potentials revealed that these filters possessed either
non-confluent areas of cell growth or a small tear in the
membrane filter itself. Defective areas were never found on
filters producing potential differences. The electrical character-
istics of non-confluent or damaged filters did not differ signifi-
cantly from control filters without cells.
The proximal tubule cells grown on Millicell HA filters were
also assessed for their response to amiloride (l0— M) and
acetazolamide (l0— M). For these determinations, the cells
were mounted in the Ussing chamber and allowed to develop
peak potential differences (within 30 mm), at which time ami-
bride or acetazolamide was added to the bathing medium. As
shown in Table 2, the superfusion of the filters with acetazol-
amide produced significant reductions in potential difference
and short circuit current. There was no significant change in the
resistance following superfusion with acetazolamide. The PD
and short circuit current returned to 90% of their control values
following the superfusion with tissue culture fluid. In contrast,
amiloride did not exert any significant effect on any of the
electrical properties of the proximal tubule cells (Table 3).
Ultrastructural characteristics of proximal tubule cells
An extensive ultrastructural examination was performed on
the cultured proximal tubule cells grown on plastic cell culture
dishes and on the filter preparations utilized in the electrophys-
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Fig. 1. The ultrastructure of doming human proximal tubule cells. Upon confluent monolayer formation on a plastic growth surface, microscopic
fluid-filled domes (D) are formed as cells detach from the growth surface (arrowheads). (x 3,500) Fig. 2. Tight junctions (arrowheads) between
adjacent proximal tubule cells. Grown on a plastic growth surface, the cells maintain tight junctions at the upper-most lateral cell membranes with
a looser and less organized association below the junctional areas (asterisk). Microvilli are scattered over the apical membranes. (x6,000)
iological assessments. As previously published, confluent cell
monolayers grown on a plastic growth surface treated with type
I collagen and adsorbed fetal calf serum proteins frequently
formed microscopic domes characteristic of cells exhibiting
active transport in culture [4]. Sections obtained perpendicular
to the growth surface revealed the doming structure to be
formed routinely by 7 to 20 cells joined laterally by tightjunctions (Fig. 1). Both cells observed in domes and cells
adhering to the plastic growth surface exhibited a limited degree
of polarity with regard to cell junction arrangement. Cells
grown on this surface were somewhat round in shape and tight
junctions were preferentially located at the most apical region
of the lateral membranes (Fig. 2). Desmosomes were located
inferior to the tight junctions; however, lateral membranes of
adjacent cells were not tightly apposed below the junctional
areas. Microvilli were restricted to the uppermost or apical cell
membrane; however, organelles such as mitochondria, rough
endoplasmic reticulum, lysosomes, and vesicles were randomly
scattered in the cytoplasm. A similar ultrastructural examina-
tion was performed on cells grown on Millipore filters where
both surfaces of the cells were exposed to a common growth
medium. In no instance were the ultrastructural characteristics
of cells on this type of filter support different from those
described above for cells grown on a plastic growth surface
(data not shown).
In contrast, proximal tubule cells grown on Millicell HA
supports, which allowed exposure of isolated pools of growth
medium to the apical and basolateral cell surfaces, exhibited a
substantially altered pattern of ultrastructure (Fig. 3). Confluent
monolayers observed in perpendicular sections revealed in-
creased cell polarity and differentiation characteristic of proxi-
mal tubule cells in vivo. On Millicell inserts, an even monolayer
of columnar-shaped cells was observed. Nuclei occupied the
basal region on the columnar cells and were ovoid in shape as
compared to the round nuclei in cells grown on plastic surfaces.
Tight junctions were observed at the most apical region of
adjacent lateral membranes. Apical membranes exhibited well-
formed microvilli and subplasmalemmal aggregations of apical
vesicles. Lateral membranes of adjacent cells exhibited close
apposition with membrane interdigitation and, therefore, ex-
pansion of surface area. Numerous coated vesicles were ob-
served at the basal aspect of these cells closest to the filter
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Fig. 3. Proximal tubule cells on
Mil!ice!l-HA supports. The permeable
Millicell support (mc) imparts greater
cell polarity and differentiation. Apical
membranes (a) are lined with
well-formed microvilli. Below tight
junctions (arrowheads), lateral
membranes are closely apposed and
interdigitated (arrow), The Golgi
apparatus (asterisk) is most often
supranuclear. (x 6,000)
surface. Golgi profiles were found in supranuclear areas of the
cytoplasm as were pools of glycogen when present in these
cells. The ultrastructural results depicted were generated from
HPT cells at passage 5 and examination of profiles at a later
passage, number 9, disclosed identical profiles with no apparent
alterations due to cell aging.
Freezefracture microscopy
Using the described method of monolayer preparation, frac-
tures were most successfully obtained which revealed P and E
faces of apical and lateral membranes. Basal membranes were
less frequently fractured and observed using this technique.
The three aspects of the proximal tubule cell membrane could
be reliably identified by a characteristic ultrastructure. Apical
membranes were identified by the large number of microvilli
which were fractured at the base near the apical surface
membrane (Fig. 4). Lateral membranes were identified by the
inclusion of tight junction sealing strands and otherwise largely
smooth areas devoid of microvilli (Figs. 4, 5, and 6). Basal
membranes, observed less frequently, were identified by the
absence of tight junctions and microvilli on a smooth surface
exhibiting frequent small vesicles. In addition, identification of
the various membrane domains was greatly aided and con-
firmed by reference to corresponding low magnification fields.
The technical complexity of obtaining freeze fracture profiles in
large quantity required that fracture profiles from HPT cells be
utilized as a group which spanned passage numbers 6 through 9.
Visual inspection of replicas from each passage failed to dis-
close any significant changes among the replicas obtained at
different passage numbers.
The density of intramembranous particles (IMP) in each of
the three membrane domains was found to be unique for each
area (Table 4). In general, the number of IMP's in non-apical
regions of the cell exceeded that observed in apical regions by
a factor of 1.5 X. Apical E faces represented the most particle-
poor region of the membrane (585/m2), while lateral P faces
exhibited the highest density of IMP's (1 ,732Itm2). The signif-
icant difference between apical and lateral membrane IMP's
further indicates the integrity of tight junction structure in these
cells. The distribution of isolated IMP's from these areas was
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Fig. 4. Freeze-fracture replica of proximal tubule monolayer. Large junctional regions were observed using techniques described in METHODS.
Apical (a) membranes were identified by the presence of microvilli and were separated from lateral regions (1) by numerous sealing strands
composing the tight junction. In this replica, the B face predominates. (x39,000) Fig. 5. Freeze fracture replica of a junctional region. The
variability in distance between adjacent sealing strands is illustrated by the close parallel arrangement of two strands (arrow) and wider spacing
between most other strands in this field. Arrowheads identify gap junctions in close association to the sealing strands. (X 120,000) Fig. 6. Freeze
fracture replica of a gap junction. In some replicas, gap junctions (arrowhead) are bordered entirely by sealing strands as illustrated in this B face
field. (x104,000)
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Table 4. Intramembranous particle (IMP) distribution°
Domain E face P face
Apical 585 84 [221 1289 81 [20]
Lateral 1080 95 [31] 1732 126 [25]
Basal 1586 190 [5]
a Values indicate IMP/sm2 SEb Replicas of basal E face were not obtained for IMP determinations
C The number in brackets indicates the number of unique fields
examined. Each field was chosen from a different cell as determined by
reference to low magnification micrographs.
entirely random. However, within areas of the junctional com-
plex, the lateral membrane morphology was complex including
the grooves (E-face) and ridges (P-face) of sealing strands
composing tight junctions (Figs. 4, 5, and 6). Tight junctions
were composed of aggregations of parallel and intersecting
sealing strands. The average number of sealing strands ob-
served at any point along the belt-like tight junction was five,
with some junctional profiles exhibiting as many as nine strands.
The strands which were arranged in parallel exhibited a variable
distance between adjacent strands, ranging from 66 to 271 nm.
Intersecting sealing strands exhibited a relatively constant angle
of intersection of 69°C (SE 2°). Interspersed in the net-like
arrangement of sealing strands were aggregated patches of
particles. In E face replicas, these aggregates were observed as
regularly spaced depressions and were either tightly and en-
tirely bordered by sealing strands or within a "V" shaped area
created by intersecting sealing strands (Figs. 5 and 6). These
aggregates represent gap junctions between adjacent cells.
Discussion
The potential value of defined renal epithelial cell cultures in
the study of normal and abnormal renal responsibilities is well
accepted and has been excellently reviewed by a number of
investigators [6—9]. Establishment of proximal tubule cultures
has been approached aggressively due to the impetus provided
by Taub and Sato [10] in defining the serum-free conditions for
the optimal growth of primary cultures of this cell type from
animal species. Current efforts in establishing cultures of epi-
thelia from the proximal tubule have been recently reviewed by
Fine and Sakhrani [11]. Two central approaches have been
taken to establish cultures of renal tubules that retain in vivo
characteristics of various nephron segments. The first has been
the study of permanently growing renal epithelial cell lines
presently available, such as the LLC-PKI and MDCK cell lines.
The major disadvantage to this approach is that such immortal
cell lines exhibit several biochemical and physiological charac-
teristics which differ from those known to occur in vivo, and
probably result from alterations occurring during long-term
culture [12]. The second approach involves the microdissection
of defined nephron segments and their placement into primary
cell culture [13—15]. While a laborious procedure requiring
substantial expertise, there is little doubt that the proximal
tubule cells isolated into primary culture do retain in vivo
characteristics of the proximal tubule [15]. Unfortunately, for
undefined reasons, these cultures do not survive past the stage
of primary culture and cannot be subcultured to generate the
large populations of cells necessary for detailed studies. The
above limitations led this laboratory to attempt to isolate human
proximal tubule cells which retain both in vivo properties of the
nephron segment and were able to undergo a normal lifespan of
40 to 60 cell generations as defined in the widely utilized human
diploid fibroblast cell cultures [161.
Initial efforts in establishing human proximal tubule cell
cultures in this laboratory have been previously published [4].
Cultures were generated from explant fragments utilizing a
defined growth medium which allowed the selective prolifera-
tion of a homogeneous cell type which could undergo subcul-
ture for 30 to 40 generations. An extensive enzyme histochem-
ical and immunohistochemical characterization of these cells
assigned their origin to be from the proximal tubule of the
human nephron. However, despite this extensive histochemical
characterization, the use of explant fragments has generated
concern that these cells are not fully characterized as to their
site of origin [11, 15]. Since such concerns would limit the utility
of this rather simple culture system in studying disorders of
proximal tubule function, a more extensive characterization of
the electrophysiological and ultrastructural properties of these
cells was undertaken.
Results obtained from both the electrophysiological and
freeze fracture characterization of HPT cells were consistent
with the formation of "leaky" epithelium. While the electrical
resistance of the monolayers was larger than the value obtained
from in vivo determinations in the proximal tubule of several
animal species [17—19], the resistance value remained within the
range found in other known leaky epithelia [20—23]. As ad-
vanced by Rabito [24, 25], such a discrepancy in resistance
values could arise from differences in the transepithelial elec-
trical resistance along the proximal tubule, differences in the
experimental conditions employed, or a combination of these
factors. The results from the examination of the occluding
junctions of cultured HPT cells by freeze fracture might also
help explain the somewhat elevated transepithelial resistance
values found in the present study. The examination disclosed
that the number of sealing strands, which averaged five, often
varied abruptly from one to nine within a few nanometers of the
HPT cell membrane. Such an occurrence has been previously
described for MDCK cells, and it was concluded that the
MDCK monolayer has mixed characteristics of "tight" and
"leaky" epithelia [26]. Furthermore, it had been previously
suggested by Simmons [27] and Valentich [28] in studies on
MDCK cells that culture conditions might determine the resis-
tance of the monolayer, presumably through a shift in the
proportional distribution between sealing and conductive ele-
ments. Thus, the results obtained in the present study add
additional support for the concept, originally advanced through
studies employing MDCK cells to explain the elevated trans-
epithelial resistance values of cultured epithelia.
Evidence suggesting a proximal tubule origin for the HPT
cells was also provided by both electrophysiologic and freeze
fracture findings. Exposure of the cell monolayers to acetazol-
amide exerted significant effects on both PD and short circuit
current. These responses would be expected since acetazol-
amide is a potent inhibitor of carbonic anhydrase and decreases
the availability of protons for exchange of sodium and hydrogen
ions across the proximal tubule [29]. The observation that there
was no significant change in resistance is in agreement with this
preparation being a "leaky" epithelia with low paracellular
resistance. The presence of carbonic anhydrase in these cul-
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tured proximal tubule cells was confirmed by immunostaining in
the previous report by this laboratory which suggested a
proximal tubule origin of these cells [4]. In contrast, amiloride,
a drug known to act on the distal tubule, did not have any effect
on the electrical parameters of these cells. Amiloride, in the
concentration used in this experiment (l0— M), is known to
inhibit sodium transport in the distal, but not the proximal,
tubule. Amiloride will inhibit Na-H exchange in the proximal
tubule, but a much higher concentration of the drug is required
[30, 31]. Freeze fracture examination of the proximal tubule cell
membrane further advanced the concept that these cells are
derived from the proximal tubule. Most striking was the dem-
onstration of gap junctions in these cells. The proximal tubule is
the only segment of the nephron known to possess gap junc-
tions, and cells in this segment are, therefore, electrically
coupled [32]. Thus, the above electrophysiologic and freeze
fracture properties combined provides strong evidence to sug-
gest that these cells are derived from the proximal tubule of the
human nephron.
Of additional interest was the comparison of the ultrastruc-
tural properties of these cells when grown on treated plastic
surfaces or Millipore filters with that obtained when the cells
were grown in Millicell HA inserts. When grown on Millipore
filters or plastic, the cells were clearly of an epithelial nature as
evidenced by tight junction formation and some degree of cell
polarity. However, when cells were grown in Millicell HA
inserts, cellular differentiation clearly increased. This was ap-
parent in the columnar shape, expansion of the lateral mem-
brane surface, and in the polarity displayed by the cellular
organelles. The increased differentiation which occurred when
these epithelial cells were grown on permeable supports has
been noted previously in other cultured epithelial cells and
explained by fulfilling the requirement for basolateral nutrition
of the cultured cells [33, 34]. The rationale for this requirement
is that the formation of tight junctions restricts the access to
growth medium of the basolateral side of the epithelium when
cells are not grown on permeable supports, the site at which
nutrient exchange normally occurs in vivo. While the results on
the cultured HPT cells generally confirmed the above observa-
tions on increased cell differentiation on permeable supports,
the present findings suggest this may not be due solely to
nutritional access to the basolateral surface. The present stud-
ies were performed on two types of permeable supports, both of
which allowed basolateral access to nutrients. However, only
the permeable support which segregated the growth medium
into separate apical and basolateral pools induced increased
cellular differentiation. This would suggest, at least in the
culture system under study, that the cells themselves may
secrete factor(s) selectively into the basolateral and/or apical
growth media pools which induce differentiation. This suggests
that this culture system might be efficacious for assigning and
identifying factors necessary for increased epithelial cell differ-
entiation.
The present results, combined with the previous character-
ization of these cells [4], adds further evidence for an origin of
these cells from the proximal tubule of the human nephron. The
present study also demonstrated the utility of freeze fracture as
a valuable structural adjunct to physiological determinations.
The examination of fracture replicas of monolayer cultures
allowed the determination of sealing strand distribution, re-
vealed that these cells possessed gap junctions and defined the
distribution of intramembraneous particles within the cellular
domains. The ability to monitor these structural features will be
of clear value in elucidating structure/function relationships in
the future use of this model system in physiological studies. Of
additional interest was the stability of the baseline electrophys-
iological findings with cell passage number. Although the re-
sults depicted were for a single passage number, additional
determinations disclosed that the electrophysiological parame-
ters developed were consistent for HPT cells utilized between
passages number 4 and 10. This would indicate that an individ-
ual cell population can be expanded through subculture to yield
a large number of cells for simultaneous study. The additional
characterization provided by the present study demonstrates
that this culture system should prove of value to research
groups defining normal and abnormal cellular responses occur-
ring within the proximal tubule.
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